Elevated levels of reactive oxygen species (ROS) provide protection against virus-induced mortality in Drosophila. In addition to contributing to oxidative stress, ROS are known to activate a number of signalling pathways including the extracellular signal-regulated kinases (ERK) signalling cascade. It was recently shown that ERK signalling is important for resistance against viral replication and invasion in cultured Drosophila cells and the gut epithelium of adult flies. Here, using a Drosophila loss-of-function ERK (rolled) mutant we demonstrated that ERK is important for fly survival during virus infection. ERK mutant flies subjected to Drosophila C virus (DCV) oral and systemic infection were more susceptible to virus-induced mortality as compared with wild-type flies. We have demonstrated experimentally that ERK activation is important for fly survival during oral and systemic virus infection. Given that elevated ROS correlates with Wolbachia-mediated antiviral protection, we also investigated the involvement of ERK in antiviral protection in flies infected by Wolbachia. The results indicate that ERK activation is increased in the presence of Wolbachia but this does not appear to influence Wolbachia-mediated antiviral protection, at least during systemic infection.
INTRODUCTION
In the absence of adaptive immune responses, insects have developed an effective innate immune system that modulates virus infection. Recently increased levels of reactive oxygen species (ROS) in Drosophila were linked with tolerance to virus infection and Wolbachia-mediated antiviral protection (Wong et al., 2015) . While the exact mechanism that confers the antiviral role of ROS is yet to be elucidated, ROS is known to activate a number of signalling pathways including the extracellular signal-regulated kinase (ERK) pathway in a number of model systems (Abe et al., 1994; Bae et al., 1997; Guyton et al., 1996; Milligan et al., 1998; Muller et al., 1997; Stevenson et al., 1994; Thannickal & Fanburg, 2000) . Interestingly, ERK signalling has an important role in the control of virus invasion and replication in both cultured Drosophila cells and in the intestinal epithelium of adult flies (Xu et al., 2013) . Taken together, this led us to the hypothesis that crosstalk between ROS and ERK might play a significant antiviral role.
ERK signalling occurs through a series of phosphorylation events that ultimately influences gene regulation [reviewed in Shaul & Seger (2007) ] . Initiation of the ERK cascade occurs from a cellular receptor tyrosine kinase (RTK) such as the epidermal growth factor receptor (EGFR) (Katz et al., 2007) or platelet-derived growth factor (PDGF) and fibroblast growth factor (FGFR) (Covarrubias et al., 2008) . The activation of ERK signalling can occur through ROS activation of RTKs. For example, activation of EGFR by hydrogen peroxide (H 2 O 2 ) has been described in several cell types (Guyton et al., 1996) providing evidence of ROS-dependent EGFR activation. Stimulation of this pathway leads to activation of ERK by phosphorylation. In endothelial cells, ROS could also contribute to cell-specific factors [such as PDGF and/or vascularendothelial growth factor (VEGF)]-induced phosphorylation of ERK (Covarrubias et al., 2008) . ROS could induce the secretion of VEGF secretion and VEGF receptor expression through induction of transcription factor HIF-1 (Abid et al., 2007; Arbiser et al., 2002; Xia et al., 2007; Zhang et al., 2010) . Alternatively, ROS could inactivate protein tyrosine phosphatase (PTP) (antagonist of ERK) and subsequently disinhibit PTP negative regulation of downstream ERK pathway. Interestingly, one of the three Drosophila PDGF/VEGF homologues PVF2 was recently identified to be important for ERK antiviral signalling (Sansone et al., 2015) . Since ERK activation can impact a number of processes including cell proliferation, differentiation, survival and apoptosis (Raman et al., 2007; Rubinfeld & Seger, 2005) , we were interested in investigating the impact of ERK signalling on fly survival during virus infection.
The endosymbiotic bacterium Wolbachia pipientis can stimulate antiviral protection in some insects (Johnson, 2015a; Rainey et al., 2014) and there is evidence that this may be linked to Wolbachia-stimulated ROS accumulation (Johnson, 2015b; Pan et al., 2012; Wong et al., 2015) . Wolbachia is a maternally inherited bacterium that resides in membrane-bound vacuoles in the cytoplasm of the host cell, and is commonly found in insect species including Drosophila (Werren et al., 2008) . In numerous natural Drosophila-Wolbachia associations, the presence of Wolbachia protects the host from virus-induced mortality Osborne et al., 2009; Teixeira et al., 2008) . We recently demonstrated that there was an increase in ROS in protective, but not in non-protective, Drosophila-Wolbachia associations (Wong et al., 2015) . Here we investigate the association between ROS, ERK and Wolbachia-mediated antiviral protection using Drosophila C virus (DCV) infection in a Drosophila ERK mutant (rolled).
RESULTS

ERK is important for fly survival following DCV infection
To investigate whether ERK is important for fly survival in response to virus infection, Wolbachia-free ERK(À) mutant flies were challenged with DCV or mock-challenged via oral feeding, and survival of the mutant was compared to Wolbachia-free wild-type (WT) flies subjected to the same treatments. No significant mortality was observed in either ERK (À) or WT flies fed with homogenate from PBS mockinfected flies, showing that the survival of flies was not affected by the oral challenge procedure (Fig. 1a) . Low mortality (approximately 10 %) was observed in the DCV-challenged WT flies consistent with previous studies using a similar virus titre (Ferreira et al., 2014) . Interestingly, whilst WT flies succumb to viral infection from 4-days postinfection (p.i.), for ERK(À) flies virus-induced mortality was observed as early as 24 h p.i. The mortality of the ERK (À) flies was significantly higher than WT flies with a final mortality of approximately 40 % observed [log-rank (Mantel-Cox) test; **** P<0.0001] (Fig. 1a) .
Next, we considered the antiviral role of ERK during DCV systemic infection since the outcome of oral and systemic infection could be different (Martins et al., 2013) . ERK(À) mutant flies were injected with either PBS or DCV, and survival of the flies was monitored daily and compared to WT flies with the same treatments (Fig. 1b) . PBS mock-infected ERK(À) and WT flies exhibited 100 % survivability (Fig.  1b) , showing that there were no adverse effects of injection, and therefore mortality observed in the DCV challenge is mortality due to viral infection. Upon systemic infection, the ERK(À) flies died more quickly than WT flies [log-rank (Mantel-Cox) test; ***P<0.001] (Fig. 1b) . The greater susceptibility of mutant flies to systemic infection is consistent with that observed in DCV oral infection.
wMel induces ROS and ERK signalling in Drosophila Induction of ROS in Drosophila upon infection of protective Wolbachia strains correlates with antiviral protection (Wong et al., 2015) and oxidative stress could potentially activate the ERK pathway (Abe et al., 1994; Bae et al., 1997; Guyton et al., 1996; Milligan et al., 1998; Muller et al., 1997; Stevenson et al., 1994; Thannickal & Fanburg, 2000) . Having shown that ERK is important for fly survival in response to DCV oral and systemic infection, next we tested whether there is an association between Wolbachia-mediated antiviral protection, ROS induction and ERK activation (as demonstrated by phosphorylationpERK) in Wolbachia-infected flies.
While Wolbachia-mediated antiviral protection has been previously demonstrated for Wolbachia-infected WT flies employed in this study (Drosophila melanogaster w 1118-wMel) (Stevanovic & Johnson, 2015) , whether the Wolbachia strain used in this study (wMel) (Fig. 2a) , which is consistent with previous findings of elevated ROS in Drosophila infected by protective Wolbachia strains (Wong et al., 2015) .
Next we investigated whether Wolbachia-induced ROS may be linked to antiviral protection via the ERK pathway. It is predicted that if the presence of Wolbachia induces ROS, which subsequently activates the ERK signalling cascade, the amount of pERK in Wolbachia-infected WT flies would be higher than in Wolbachia-free WT flies. Analysis by Western blotting indicated that the level of pERK in WT flies was more than twofold higher in the presence of the Wolbachia (Student's t-test; * P<0.01) (Fig. 2b, c) .
Involvement of ERK in Wolbachia-mediated antiviral protection
To examine whether Wolbachia-mediated antiviral protection is dependent on ERK signalling we analysed survival of ERK(À) flies with and without Wolbachia following virus challenge. The presence of Wolbachia in the ERK(À) flies was confirmed using Wolbachia-specific PCR and the sequencing of the wsp amplicon was found to be 99 % identical to the wsp sequence of wMel (data not shown). A paired mutant line cured of Wolbachia infection was established and subsequently confirmed to be free of Wolbachia using PCR (data not shown).
To analyse the impact of the ERK pathway on Wolbachiamediated antiviral protection, the ERK(À) flies with and without Wolbachia were challenged with DCV. For both lines, the survival of flies fed or injected with the negative control virus-free samples was 100 % (Fig. 3a, c) . Following oral challenge with DCV, survival of the ERK(À) flies with and without Wolbachia was not significantly different [logrank (Mantel-Cox) test; P>0.05] (Fig. 3a) . In contrast, survival of Wolbachia-infected WT flies was significantly higher than Wolbachia-free WT flies [log-rank (Mantel-Cox) test; P<0.05] (Fig. 3b) , supporting the results shown in Stevanovic & Johnson (2015) . Interestingly, following DCV challenge by injection, mortality of Wolbachia-infected ERK (À) and Wolbachia-infected WT flies was significantly delayed compared with Wolbachia-free ERK(À) and Wolbachia-free WT flies, respectively [log-rank (MantelCox) test; ****P<0.0001] (Fig. 3c, d ).
DISCUSSION
Using a Drosophila ERK loss-of-function mutant, we demonstrate an association with protection against virusinduced mortality and the ERK pathway. Wolbachia-free ERK(À) flies are more susceptible than Wolbachia-free WT flies to virus infection when challenged either orally or systemically. Interestingly, the impact of ERK was clearer in orally infected flies. These findings are consistent with previous studies showing that ERK activation is important for intrinsic control of virus infection in cultured Drosophila and mosquito cells, as well as the flies gut epithelium (Sansone et al., 2015; Xu et al., 2013) . Here we show that instantaneous ERK activation is important for fly survival during virus infection and that the antiviral effect of ERK occurs in systemically infected Drosophila.
Although ERK phosphorylation is stimulated by DCV infection through microbiota-primed PVF2 and interruption of this pathway leads to higher susceptibility to infection and virus-induced mortality (Sansone et al., 2015; Xu et al., 2013) , the mechanisms of impact are not yet clear. ERK has a broad substrate range (Futran et al., 2013; Wortzel & Seger, 2011) and its activation can lead to many diverse impacts on cells and the organism. Clues to the cause of higher mortality for DCV-infected ERK(À) flies may come from the pathology caused by DCV infection and may involve a combination of physiological- (Arnold et al., 2013; Chtarbanova et al., 2014) and host immunity- (Xu et al., 2013) related factors. Mortality of the Wolbachia-free ERK(À) flies may be linked to damage of the epithelial cells triggered by DCV oral infection. DCV causes intestinal obstruction which leads to damage to the epithelial cells present in the fly foregut, subsequently causing nutritional stress to the flies (Chtarbanova et al., 2014) . Additionally, in flies with compromised ERK activation, immmune signalling (Imd pathway) which normally leads to antiviral immune defence in the epithelium may be impeded (Xu et al., 2013) .
The stronger response in orally compared with systemically infected ERK(À) flies is consistent with the gut barrier being an important site of ERK function. It was recently demonstrated that the gut microbiota primes the Drosophila response to enteric viruses, including DCV, leading to the activation of the ERK pathway (Sansone et al., 2015) . Both the microbiota and virus are required to stimulate induction of the ligand Pvf2, which in turn activates the ERK pathway in enterocytes via the RTK, (PDGF-and VEGFreceptor related) PVR gene (Sansone et al., 2015) . It remains to be determined how the ERK pathway is stimulated during systemic infection, leaving the possibility that the ERK pathway is stimulated by additional mechanisms during virus infection.
A link between antiviral protection and elevated ROS induced by the presence of Wolbachia in Drosophila (Wong et al., 2015) (Martins et al., 2013) , as seen with differing responses observed between Drosophila infection route for the immune pathway Toll (Ferreira et al., 2014) .
The broad impact of ROS regulation on Wolbachia-mediated antiviral effects remains elusive and might involve other molecular pathway(s) that could potentially crosstalk with ROS. Both ROS and antimicrobial peptides (AMPs) are important immune effectors in insect gut epithelia [reviewed in Zug & Hammerstein, (2015) ]. In Drosophila, elevated ROS levels are associated with delayed virusinduced mortality following systemic viral infection (Wong et al., 2015) . ROS elevation also correlates with Wolbachiamediated antiviral effects in both Drosophila and mosquitoes (Pan et al., 2012; Wong et al., 2015) . Concomitant with induction of oxidative stress in Wolbachia-infected mosquitoes, induction of antioxidants was also observed and this was linked to Toll pathway-dependent antiviral responses (Pan et al., 2012) . However, the Toll pathway is not required for Wolbachia-mediated antiviral protection in Drosophila (Ferreira et al., 2014; Rances et al., 2013) and AMP genes involved in the Toll and/or Imd pathways are not stimulated by Wolbachia infection in Drosophila (Chrostek et al., 2014; Ferreira et al., 2014; Martinez et al., 2014; Rances et al., 2012 Rances et al., , 2013 Wong et al., 2011) . It is therefore unlikely that induction of ROS upon Wolbachia infection correlates with Toll pathway activation in Drosophila. Although the mechanistic involvement of ROS in the insect antiviral response remains to be elucidated, and a recent study has reported that Wolbachia do not induce ROS in Aedes albopictus (Molloy & Sinkins, 2015) , ROSrelated responses may constitute a promising area for future research in understanding Wolbachia-mediated antiviral effects (Zug & Hammerstein, 2015) .
Taken together our results provide further evidence that ERK is important for fly survival during virus infection. This adds to the previous knowledge that ERK activation plays an important role in virus infection of Drosophila and mosquito cells (Sansone et al., 2015; Xu et al., 2013) . In addition, we present evidence that while the presence of Wolbachia induces ERK activation, ERK is not required for Wolbachia-mediated antiviral protection following systemic virus infection.
METHODS Fly maintenance, Wolbachia and virus
All flies were maintained on a standard cornmeal diet at 25 C with 12 h light/dark cycle. The D. melanogaster w 1118 line was used as the WT and was infected with wMel through introgression (Riegler et al., 2005) . The Drosophila homologue of ERK (rolled) loss-of-function mutant, ERK (À) was created from the D. melanogaster w 1118 background and was naturally infected by Wolbachia (obtained from Bloomington Drosophila Stock Centre). Paired fly lines cured of Wolbachia infection were generated by treating the flies with 0.03 % tetracycline (Hoffmann et al., 1986) . Following tetracycline treatment, the gut flora was normalised across all fly lines using previously described methods (Chrostek et al., 2014; Stevanovic & Johnson, 2015) . All experiments were conducted a minimum of two generations post-tetracycline treatment.
For all experiments the DCV EB isolate Johnson & Christian, 1999) was used and the virus titre was determined using a tissue culture infectious dose (TCID 50 ) assay as previously described . Virus used in systemic infection was purified as previously described Johnson & Christian, 1998) , suspended in Tris pH 7.4 and maintained in single use aliquots at À20 C. Virus for oral infection was prepared as described in Stevanovic & Johnson (2015) . Briefly, flies were either injected with DCV or PBS, collected at 4 days p.i. and stored at À20 C. On the day of use flies were homogenised and fly homogenates were sterilised using the Millex GV 22 µm filter (Merck Millipore).
Analysis of Wolbachia infection
DNA was extracted from 4-7-day-old male flies with Quick gDNA Mini-Prep (Zymo Research) and used as a template for PCR analysis. Primers that anneal to the Wolbachia surface protein (wsp) gene and yield a product size of 600 bp (81F/691R) were used for detecting Wolbachia in the flies by PCR (Zhou et al., 1998) . Following verification of PCR amplification by gel electrophoresis, the wsp PCR product was sequenced using Wolbachia 81F primer and confirmed to be 99 % identical to the nucleotide sequence of this region of the wMel wsp gene.
Survival bioassays
DCV oral infection. Virus was fed to 4-7-day-old male adult flies as previously described (Stevanovic & Johnson, 2015) . Briefly, oral infections were performed in plastic vials containing a piece of filter paper (Whatman) soaked with 150 µl of 75 % virus extract (the DCV titre ranged between 4.4Â10 8 and 2Â10 9 IU ml
À1
) and 25 % dried yeast. For mock oral infections, flies were fed with extracts from PBS mockinfected flies mixed with 25 % dried yeast. Each treatment vial containing 15 flies was incubated at 25 C for 24 h in a humidified container. After the infection period, flies were transferred to vials containing standard diet. The day of oral infection was considered day 0 and survival of the flies was measured daily. Oral infections were performed on two independent cohorts of flies. Survival analysis was performed using the Kaplan-Meier analysis. Significance of the results was analysed using log-rank (Mantel-Cox) test (GraphPad Prism 6).
DCV systemic infection. The susceptibility of flies to virus-induced mortality following systemic virus infection was analysed by challenging 4-7-day-old male flies with DCV. Flies anaesthetised with CO 2 were injected with virus or PBS using needles pulled from borosilicate glass capillaries and a pulse pressure microinjector (Drummond). For each experiment, DCV was diluted to a concentration of 1Â10 8 IU ml À1 in PBS and 52.6 nl was injected into each fly.
For each fly line assayed, one vial of 10 flies were mock infected with PBS and three vials of 15 flies were injected with DCV. Following challenge, flies were maintained in a 25 C incubator and survival of the flies was scored each day until mortality in the virus-infected flies reached 100 %. Mortality within the first 24 h was deemed to be due to needle injury and these flies were removed from the survival analysis. Survival bioassays on at least two independent cohorts of flies were done for each fly line. Survival curves of the flies in each experiment were compared using Kaplan-Meier analysis and log-rank (Mantel-Cox) test with GraphPad Prism 6.
Western blotanalysis
To examine activation of the ERK signalling cascade, the amount of phosphorylated (p) ERK in D. melanogaster WT flies with and without Wolbachia infection was analysed using Western blotting. For each fly line, four pools of 10 whole flies across two independent cohorts of flies were ground in chilled PBS and the homogenates electrophoresed on a 10 % SDS-PAGE gel. Proteins were transferred to PVDF membranes using a semi-dry transfer apparatus for 60 min at 20 V. Following blocking, membranes were incubated with a rabbit polyclonal antibody to pERK (anti-pERK 44/42, 1 : 20 000 dilution; Cell Signaling Technology) in Tris-buffered saline with 0.1% Tween (TBST) overnight with gentle shaking and then with an anti-rabbit-alkaline phosphatase antibody for 1 h (1 : 10 000 dilution; Cell Signaling Technology). Blots were visualised with NBT/BCIP chromogenic substrates (ThermoFisher). Following this, membranes were also incubated with a mouse anti-a-tubulin (1 : 20 000 dilution; Sigma-Aldrich) in TBST followed by anti-mousealkaline phosphatase (1 : 10 000 dilution; Sigma-Aldrich) as protein loading controls. Quantitative analysis of the Western blot was performed using ImageJ and statistical analysis of the pERK level normalised against host a-tubulin in the two fly lines was analysed with Student's t-test (GraphPad Prism 6).
Analysis of hydrogen peroxide concentration
For the analysis of hydrogen peroxide concentration in the presence and absence of Wolbachia, three samples of three-pooled 4-7-day-old male flies were collected from each of two independent cohorts of flies in chilled PBS and homogenised with pestles. Following homogenisation, fly debris was pelleted by centrifugation for 1 min at 12 000 g and supernatants were collected. H 2 O 2 concentration in the supernatants was analysed with the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen) as per the manufacturer's protocol. Absorbance of the oxidised Amplex Red reagent was detected at 560 nm using an absorbance microplate reader (Epoch). Total protein was measured in each fly homogenate using the Bio-Rad Protein Assay (Bio-Rad) as per the manufacturer's protocol and the concentration of H 2 O 2 was normalised to the concentration of total proteins in the sample. The difference between the two groups of flies (with and without Wolbachia infection) was determined using Student's t test (GraphPad Prism 6).
